In this study, a multidimensional fractionation approach was combined with tandem mass spectrometry (MS/MS) to increase the capability of characterizing complex protein profiles of mammalian neuronal cells. Proteins extracted from primary cultures of cortical neurons were digested with trypsin followed by fractionation using strong cation exchange chromatography. and delta correlation ( Cn) scores. Correlation charts were also constructed to show the number of unique peptides identified for proteins from specific classes. The results show that low abundance proteins involved in signal transduction and transcription are generally identified by fewer peptides than high abundance proteins that play a role in maintaining cellular structure and motility. The results presented here provide the broadest proteome coverage for a cell to date and show that MS-based proteomics has the potential to provide high coverage of the proteins expressed within a cell.
INTRODUCTION
The achievements that have been made in the field of genomics over the past decade have spurred the movement towards the characterization of the proteome. Unfortunately, the biological difference between a genome and its related proteome, make the challenge of proteomics much greater. The genome of a particular cell type is a static entity, while its corresponding proteome is dynamic, changing with the slightest perturbation. In studies where the goal is to completely sequence an organism's genome, there is a point at which the analysis can be deemed complete, in that the entire base pair sequence of the genome has been determined. In proteomic analysis, there is no such definable endpoint, since it is presently impossible to accurately determine the number of proteins, and their possible isoforms, that are actually present within a cell at any given time. Presently, we are faced with trying to put together a cell's proteomic jigsaw puzzle without the knowledge of how many pieces make up that final picture.
One of the major goals of proteomics is to develop technologies capable of measuring the dynamic nature of protein expression, protein interactions, and post-translational modifications as a time-dependent function of the cellular state (1) . To begin to accumulate this type of data requires that many measurements be made, therefore high throughput protein characterization is essential. The initial piece of data required is to identify the proteins that are expressed within the cell under a given set of conditions. This information provides a foundation to understanding the proteins that are observable within a cell's proteome and provides insight into the components that differentiate cells that have identical genomes.
The traditional approach for fractionating and identifying proteins within complex proteome mixtures has been a combination of two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) followed by MS or tandem MS analysis of the visualized protein spots. The bias of 2D-PAGE against proteins with extreme isoelectric points and molecular weights, as well as its difficulty to resolve membrane proteins has been well documented (2) .
Not only are certain classes of proteins underrepresented by 2D-PAGE, the subsequent identification of the separated proteins is laborious and time-consuming (3). Alternative approaches for the identification of proteins circumvent the need for 2D-gel fractionation and rely solely on multidimensional chromatographic separation of proteolytically digested proteins prior to tandem MS analysis (1, 4) . While these solution-based methods do not provide a direct method for protein quantitation, they routinely are capable of providing well over one thousand protein identifications in rapid (i.e., hours to days) fashion. Recent studies have used such solution-based strategies to identify 490 proteins in serum (5) , 1504 proteins in yeast (6) , 2528 proteins in rice (7) , and, most recently, 2415 proteins in Plasmodium (8) .
We have applied a multidimensional fractionation method followed by tandem MS resulting in the identification of over 15000 unique peptides corresponding to at least 4542 proteins within the proteome of mouse cortical neurons. The raw data analysis was performed to provide a statistical analysis of the confidence in the protein identifications. In addition, plots were constructed to determine if there exists a correlation between a protein's abundance and the number of unique peptides identified for that protein. The results show that proteins anticipated as being in high abundance, such as structural proteins, are typically identified by the largest number of unique peptides. The fewest number of unique peptides was associated with proteins of low abundance such as transcription factors and signal transducers. Although this data is qualitative in the strictest sense, the results obtained from the present study can be used to ascertain information about the protein abundances in complex mixtures and also identify novel proteins that have not previously been shown to exist in neural cells.
EXPERIMENTAL PROCEDURES

Cortical Neuron Proteome Sample Preparation -Primary cortical neuron cultures were
established from newborn mouse pups on a 129/Sv C57BL/6 background as described previously (9) . Briefly, cortical brain tissue was excised, trypsinized and dissociated by trituration to obtain single cells. Cells were then plated onto poly-D-lysine-coated cultureware and maintained in Neurobasal-A medium with B27 supplements (Invitrogen, Carlsbad, CA).
Cultures were maintained for 4 days and lysed directly in the culture dishes with a lysis buffer containing 50 mM Tris-HCl (pH 8.5), 2% Triton X-100, 10 mM NaF and 1 mM Na 3 VO 4 . The lysed neurons were scraped into a microcentrifuge tube and sonicated 5 times (10 sec each) (Branson digital sonifier 250, Danbury, CT) on ice. The lysate was centrifuged at 15000 x g for 15 min at 4 C. The supernatant was collected and desalted into 50 mM NH 4 HCO 3 , pH 8.3 using a PD-10 column (Amersham Biosciences, Uppsala, Sweden). Protein concentration was determined using a bicinchonic acid (BCA) protein assay. An aliquot of lysate containing 100 µg of solubilized protein was digested overnight at 37 C with sequencing grade modified trypsin (Promega, Madison, Wisconsin) at a ratio of 50:1 (w/w, protein-to-trypsin). The digestion reaction was terminated by boiling the sample in a water bath for 10 min. The sample was acidified by 1% formic acid and desalted using a 1 mL Oasis MCX extraction cartridge (Waters Corporation, Milford, MA). The desalted digestate was lyophilized and stored at -80 C.
Strong Cation Exchange Liquid Chromatographic Fractionation -The cortical neuron
protein digestate was dissolved in 25% ACN and 0.1% TFA, and loaded onto a 1 mm i.d. 150
mm SCXLC column (PolyLC, Columbia, MD) which was pre-equilibrated with 25% ACN delivered by an Agilent 1100 capillary LC system (Agilent Technologies, Paolo Alto, CA). The peptides were eluted by a gradient generated from mobile phase A (25% acetonitrile in water) and mobile phase B (25% acetonitrile with 0.5 M ammonium formate, pH 3) over 96 min.
Ninety-six fractions were collected for µLC-MS/MS analysis. connected via a stainless steel union to an Agilent 1100 capillary LC system (Agilent Technologies, Paolo Alto, CA), which was used to deliver mobile phases A (0.1% formic acid in water) and B (0.1% formic acid in ACN). After loading one-third content of each SCXLC fraction, the peptides were eluted at a flow rate of 300 nL/min using a step gradient of 2%-40% solvent B for 120 min and 40%-85% solvent B for 30 min. The IT-MS was operated in a datadependent MS/MS mode using a normalized collision-induced dissociation (CID) energy of 30%. The voltage and temperature for the capillary of the ion source were set at 10 V and 180 C, respectively. and Slidebook image analysis software (Intelligent Imaging Innovations, Denver, CO).
Reversed-phase µLC-MS/MS of SCX Fractions
Cross-database Search and MS Informatics for Global Proteome Characterization
Immunostaining of samples requiring a direct comparison was done in single runs, and the subsequent processing of images was performed in an identical way for individual photographs using Slidebook and Photoshop (Adobe, San Jose, CA).
RESULTS
SCXLC Fractionation and RPLC-MS/MS Analysis of Cortical Neuron Proteome -
While reversed-phase µLC-MS/MS is ideally suited for detection and identification of peptides, it is unlikely that a single dimension of separation is sufficient to obtain broad proteome coverage. Therefore, multidimensional chromatographic fractionation was employed in this study to decrease the complexity of the samples being analyzed in any single µLC-MS/MS analysis, resulting in increased peak capacity and dynamic range of protein identifications of the overall measurements. Peptides derived from the cortical neuron digestate were separated into ) peptide molecular ions. When low X corr values are considered, the number of peptides identified using both databases is very similar. As the X corr value threshold is increased, however, the number of peptides identified by searching against the mouse database remains considerably higher than the number of peptides identified by searching against the Archaean database although the exact number of peptides is dramatically decreased.
These observations suggest that most of the mouse peptide identifications are resulted from random hitting at low X corr cutoffs such as 1. peptides.
Similar results were obtained when the peptide identifications from searching the datasets of 96 SCX fractions against the small mouse protein database (database I, 12000 entries) were compared with those obtained from searching the larger mouse protein database (database II, 20624 entries). We sought to determine if the same tryptic peptide was identified from the same MS/MS spectrum when searching these two databases, and considered such peptides as "positive identifications". The probability of a positive identification was calculated by dividing the number of "positive peptide identifications" by the total number of peptides identified from mouse database I at a certain X corr cutoff. As shown in Figure 4A , the probability of a positive 2+ peptides on the X corr threshold required to achieve a 90% confidence level in peptide identification was evaluated. The peptides were arbitrarily divided into two sets, one set with molecular weight <1200 Da and the other 1200 Da. A plot of the probability of positive identification of each set of peptides vs. X corr thresholds ( Figure 4B) demonstrates that higher X corr cutoffs are required for high M r peptides to achieve the same confidence level for peptide identification as compared to that required for lower M r peptides.
While the X corr cutoff of 2.2 is required for identifying peptides with M r <1200 Da at confidence level of 90%, the X corr value of ~2.5 is needed for the peptides with M r 1200 Da at the same confidence level.
The above investigations were conducted without consideration of delta X corr ( Cn) value cutoff threshold, another criterion commonly used in SEQUEST for peptide identification. The effect of Cn thresholds on the confidence in peptide identification for [M+2H] 2+ peptides at different X corr cutoffs is shown in Figure 4C . When X corr thresholds are set at a low level (i.e., It is noticed that more than 11000 peptide identifications, which occupy 42% of the total peptides identified, are redundant. The remaining 58% of the peptides were identified only once Table 1 ) were definitely identified from 12839 peptides with at least one peptide unique to a single protein, which was defined as a Protein-specific Peptide Tag (PPT) (described in details in the methods section). A histogram illustrating the number of unique peptides and proteins identified in the various SCXLC fractions is shown in Figure 6 , along with the SCXLC fluorescence chromatogram. However, each of the remaining 2461 peptides could not be assigned to a single protein. These peptides resulted in 2322 protein identifications according to the SwissProt accession number. We found that some of these proteins are actually redundant proteins. To address this issue, cluster analysis was conducted to group the proteins together by the common peptides shared each other. This analysis resulted in 952 distinct protein clusters (each was assigned a ProCluster number, Supplementary Table 2 ).
As shown in Figure 7 , protein cluster 1 consists of 4 accession numbers, Q9QXE7 is the primary accession number and Q8BMM0 is the secondary accession number of the same protein Transducin -like 1X protein. This protein has one identified peptide HQEPVYSVAFSPDGK distinct from another protein, which also has two accession numbers, within the cluster. Hence this cluster may contain two proteins. Similarly, cluster 2 contains various actin isoforms sharing some common identified peptides within two or more isoforms. In the protein database, proteins with similar sequences, protein fragment, mutation, protein isoforms in the same or different cell types all account for some identified peptides not unique to a single protein with a distinct accession number. The number of protein clusters identified in this study is initial, however this represents the minimum number of proteins that could be identified. The issue described here is even more difficult to be tackled in the quantitative proteome study, further statistical analysis are necessary to achieve accurate quantitation of a single protein. proteins. This calculation illustrates, however, that technology has advanced to the point of providing significant coverage of a proteome's protein constituents.
Of importance in global proteomic analysis is the ability to identify proteins from every compartment within the cell. This need is particularly focused on membrane proteins because of solubility issues with this class of proteins. In this study, almost 29% of the identified proteins were classified as membranous by gene ontology (GO). This compares favorably with genomic analysis that predicts 20-30% of the genome encodes for membrane proteins. In addition, a study of mouse brain homogenates that employed an enzymatic digestion strategy for the identification of membrane proteins, identified about 28% of the proteins in their mixture as membranous (12) . Obviously the technology used in this study is not biased against membrane proteins and provides very good coverage of proteins from all cellular compartments.
Another indicator of the bias of the survey presented in this study is the number of peptides identified per protein from particular classes. The overall distribution of the number of peptides identified per protein is shown in Figure 8A . Approximately 61% of the proteins were identified by two or more peptides. A comparison of the number of peptides identified per intracellular and membrane protein is shown in Figures 8B and 8C . Approximately 65% of the intracellular proteins were identified by two or more peptides, while 57% of the membrane proteins were identified by two or more peptides. Overall, these plots do not show a striking bias against the identification of membrane proteins. Figure 9 . A few interesting trends are observed in the data. Firstly, proteins that regulate transcription (i.e., transcription factors) and signal transduction (i.e., kinases and phosphatases) are most likely to be identified by a single peptide and least likely to be identified by more than six peptides. This result is consistent with their low abundance within the cell.
Quantitative Assessment of the Identified Proteins
Proteins most likely to be identified by multiple peptides include structural proteins, and proteins involved in translation, catalysis, binding and motor activity. Proteins involved in translation were the most likely to be identified by more than six peptides. Overall, these results are consistent with the relative abundance of these functional classes within the cell.
A more detailed examination of the 44 proteins identified by twenty or more unique peptides is presented in Table 1 A significant benefit gained from performing a global proteomic analysis described in this study, is the opportunity to identify proteins not previously associated with a particular cell type or biological process. One example that illustrates this point is the identification of the pescadillo protein in the neuronal proteome (Supplementary Table 1 corresponding to a total of 1175015 tryptic peptides (assuming complete digestion) (19) . If 30% of the proteome is expressed at any given time, the analysis of approximately 7800 proteins and 350000 peptides would be required for a completely comprehensive characterization.
With the paucity of coverage of most proteins in a proteome obtainable using current MS-based technologies, the value of such studies as presented here it needs to be considered. As shown in this study, pescadillo was identified by only one peptide (Supplementary Figure 1 for MS/MS of this peptide), however, its presence in mouse neurons was validated using immunostaining. Pescadillo was identified in zebrafish less than a decade ago (20) , and has only recently been shown to play a role in cell cycle progression (13) . Prior to this study, pescadillo The confidence levels for peptide identification were calculated based on these cross-database searches, and the SEQUEST criteria were set for identifying peptides with 90% confidence level by searching the largest mouse database available, mouse database III (details in the text). Base Peak Chromatograms 400 600 800 1000 1200 1400 m/z 400 600 800 1000 1200 1400 m/z
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